The high-risk human papillomavirus (HR HPV) E6 oncoprotein binds host cell proteins to dysregulate multiple regulatory pathways, including apoptosis and senescence. HR HPV16 E6 (16E6) interacts with the cellular protein NFX1-123, and together they posttranscriptionally increase hTERT expression, the catalytic subunit of telomerase. NFX1-123 interacts with hTERT mRNA and stabilizes it, leading to greater telomerase activity and the avoidance of cellular senescence. Little is known regarding what other transcripts are dependent on or augmented by the association of NFX1-123 with 16E6. Microarray analysis revealed enhanced expression of Notch1 mRNA in 16E6-expressing keratinocytes when NFX1-123 was overexpressed. A moderate increase in Notch1 mRNA was seen with overexpression of NFX1-123 alone, but with 16E6 coexpression the increase in Notch1 was enhanced. The PAM2 motif and R3H protein domains in NFX1-123, which were important for increased hTERT expression, were also important in the augmentation of Notch1 expression by 16E6. These findings identify a second gene coregulated by 16E6 and NFX1-123 and the protein motifs in NFX1-123 that are important for this effect.
H
uman papillomaviruses (HPVs) are nonenveloped doublestranded DNA viruses. Of the more than 150 HPVs that have been identified to date, over 30 types are capable of infecting the genital and oral mucosa. HPVs that infect mucosa are divided into low-risk (LR) and high-risk (HR) categories based on their associated risk for anogenital and, increasingly, head and neck cancers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . As these HR HPV infections are linked to malignancies, much focus has been placed on studying the cellular changes these viruses trigger that lead to cancer and on studying the functions of two oncogenes expressed by HR HPV, E6 and E7.
HR E6 induces oncogenic changes primarily through its interactions with host cell proteins, and those interactions block apoptotic signaling and drive cellular immortalization (for a review, see reference 12). E6-associated protein (E6AP) is an E3 ubiquitin ligase that is the most well-studied protein partner of HR E6 (13) (14) (15) (16) (17) (18) (19) . However, HR E6 interacts with other cellular proteins, such as NFX1 splice variants, and these are important in oncogenesis as well (20, 21) .
In human epithelial cells, NFX1 is a gene expressed as two splice variants, NFX1-91 and NFX1-123 (22) . NFX1-91 has been shown to transcriptionally repress telomerase expression in epithelial cells, and HR HPV 16E6 with E6AP targets NFX1-91 for degradation (22, 23) . Our work has focused on NFX1-123, the longer splice variant of NFX1, and on its role with 16E6 in oncogenesis. Previously we had shown that 16E6 bound NFX1-123 in its central domain, but unlike NFX1-91 it was not degraded; together, 16E6 and NFX1-123 increased hTERT expression and telomerase activity in human foreskin keratinocytes (HFKs) through a posttranscriptional mechanism (20) . 16E6 and NFX1-123 increased hTERT by utilizing both the PAM2 motif and R3H domain of the NFX1-123 protein. The N-terminal PAM2 motif is required to interact with cytoplasmic poly(A) binding proteins, and the C-terminal R3H domain has putative nucleic acid binding capabilities (20, 21) . With these motifs, NFX1-123 interacted with and stabilized the hTERT mRNA, posttranscriptionally increased its expression, and increased telomerase activity (21) , which is important in HPV-associated cancer development (24, 25) .
Because 16E6 interacts with NFX1-123 to direct posttranscriptional gene regulation of an oncogene, we hypothesized that other critical cellular transcripts are coregulated by 16E6 and NFX1-123. Using microarray analysis of mRNA transcripts in HFKs, we identified and confirmed that Notch1 was increased by NFX1-123 and 16E6. Notch1 is an important regulator of cell growth and differentiation in multiple cell types, including epithelial cells. While Notch and its signaling pathway can lead to either oncogenic or tumor suppressor effects, the normal control of Notch1 expression and its derangement in cancer is not fully understood (26) . In cervical cancer specifically, investigators have found decreased Notch1 expression (27) (28) (29) . Conversely, others have found increased Notch1 expression during cervical cancer development (30) (31) (32) and increased Notch1 expression and activation by the HR E6 and E7 oncogenes (33) , which leads to improved cell growth (34, 35) . Our findings support the positive regulation of Notch1 by 16E6 and NFX1-123. Similar to the regulation of hTERT, the PAM2 motif and R3H domain of NFX1-123 were important in increasing Notch1 expression when 16E6 was coexpressed. The coregulation of Notch1 by 16E6 and NFX1-123 reveals additional roles that NFX1-123 plays in HPV-associated cancer development (36) .
MATERIALS AND METHODS
Plasmids. The FLAG-tagged NFX1-123WT, FLAG-tagged NFX1-123 PAM2-deleted, FLAG-tagged NFX1-123 R3H-deleted, pBabe-puro 16E6, LXSN vector control, scramble, and short hairpin 1 RNA to NFX1-123 (sh1) plasmids have been described previously (20) . The short hairpin 2 RNA to NFX1-123 (sh2) was made with phosphorylated and annealed oligonucleotides 5= GATCCGCGTGAATAAGGGAAAGAATTTCAAGA GAATTCTTTCCCTTATTCACGTTTTTTGG 3= (forward) and 5= AATT CCAAAAAACGTGAATAAGGGAAAGAATTCTCTTGAAATTCTTTC CCTTATTCACGCG 3= (reverse). These annealed oligonucleotides were ligated into the C-FUGW vector using BamHI and EcoRI restriction sites. BLAST was used to confirm that there were no off-target effects of short hairpin RNA (shRNA) and scramble sequences. Tissue culture. Primary human foreskin keratinocytes (HFKs) were cultured as described previously (22) . Briefly, HFKs were derived from neonatal foreskins and grown in EpiLife medium supplemented with calcium chloride (60 M), human keratinocyte growth supplement (Life Technologies, Carlsbad, CA), and penicillin-streptomycin. 293T cells were grown in Dulbecco's modified Eagle's medium (GIBCO-BRL, Carlsbad, CA) containing 10% fetal calf serum and penicillin-streptomycin.
Retrovirus production and infection. Retrovirus was produced either in established viral producer cell lines (PA317 and PG13) or in 293T cells by a transient vesicular stomatitis virus G-pseudotyped virus (VSV-G) production protocol as previously described (37) . Lentivirus was also produced as previously described (20) . Briefly, short hairpin NFX1-123 (sh1 or sh2) c-FUGW or scramble c-FUGW constructs were cotransfected with cytomegalovirus-vesicular stomatitis virus G and ⌬8.9 plasmids into 293T cells using FuGENE6 (Roche, Alameda, CA), and lentiviral retrovirus was serially collected. Retrovirus was concentrated by ultracentrifugation, mixed with Polybrene (8 g/ml) (EMD Millipore, Billerica, MA), and incubated with 50 to 60% confluent HFKs. Three hours later, the Epilife medium was replaced. For VSV-G-pseudotyped virus infections (FNFX1-123WT, LXSN vector control, and pBabe-puro 16E6), the cells were expanded 24 h posttransduction, and after 48 h the cells were placed under neomycin/G418 selection (50 g/ml) or puromycin selection (0.5 g/ml). All lentivirus infections (scramble, sh1, and sh2) were confirmed by green fluorescent protein expression.
Microarray. Total RNA was isolated with TRIzol reagent (Life Technologies, Carlsbad, CA) and further purified using the RNeasy kit (Qiagen, Valencia, CA). Samples were converted to cDNA, labeled using the Illumina TotalPrep RNA amplification kit (Life Technologies, Carlsbad, CA), and hybridized to the HumanHT-12 v4 expression BeadChip array (Illumina, San Diego, CA). All labeling, hybridizations, and quality control were performed at the Fred Hutchinson Cancer Research Center Genomics Core (Seattle, WA). Array data were initially analyzed using GenomeStudio (Illumina, San Diego, CA). Subsequent analyses were performed using GeneSpring GX11.5.1 (Agilent Technologies, Santa Clara, CA), Microsoft Excel (Redmond, WA), and ingenuity pathway analysis (Redwood City, CA). Data were log 2 transformed, followed by quantile normalization. Data were filtered on the detection P value, and only those probes with a detection P value of Ͻ0.01 across all samples were carried forward for analysis. Comparative analyses were performed to determine fold change values between the normalized probe intensities using the isogenic scramble control as the baseline.
qPCR and TaqMan array. RNA was isolated as described above. Total RNA (1 g) was DNase treated and used to generate cDNA with random hexamer primers and SuperScript II reverse transcriptase (Life Technologies, Carlsbad, CA). Quantitative real-time PCR (qPCR) was performed using an ABI StepOne Plus system (Applied Biosystems, Foster City, CA). Amplification was carried out using TaqMan master mix and the following predesigned TaqMan probes according to the manufacturer's instructions: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (4333764F), Notch1 (HS01062014_m1), HES1 (Hs00172878_m1), and HES5 (Hs01387463_g1) (Applied Biosystems, Foster City, CA). Predesigned TaqMan array human notch signaling (4418810) was also performed according to the manufacturer's instructions (Applied Biosystems, Foster City, CA). Reactions were performed in triplicate. Data analysis was performed using the comparative threshold cycle method (⌬⌬C T ; Applied Biosystems, Foster City, CA) to determine relative expression levels, with GAPDH to normalize mRNA levels within each sample. Values graphed are the mean fold change in each sample compared to the control, and error bars graphed represent the standard deviations for each sample (n ϭ 3).
Primer sequences for NFX1-123 and 36B4 were described previously (20) , and amplification was carried out as previously published using Power Sybr green master mix (Applied Biosystems, Foster City, CA) (20) . Error bars using NFX1-123 and 36B4 primers represent 95% confidence intervals.
Immunoblotting. Whole-cell protein extracts were electrophoresed on SDS-polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF; Millipore, Billerica, MA). Blots were probed with anti-GAPDH (1:100,000; Abcam, Cambridge, MA) and Notch1 (5B5) (1:1,000; Cell Signaling, Danvers, MA) antibodies. The rabbit polyclonal anti-NFX1-123 antibody was generously provided by Ann Roman. All films were scanned using Adobe Photoshop, and densitometry was calculated using Quantity One 4.5.0.
Luciferase assays. Luciferase assays were performed as described previously, with the following modifications (20, 27, 28) . HFKs were grown to 60% confluence in six-well plates and transiently transfected with a total of 2 g of DNA per well using a 1:3 DNA/TransIT keratinocyte transfection reagent (Mirus Bio, Madison, WI) ratio. All cells were harvested 24 h after transfection. Cellular debris was pelleted, and luminescence was quantified with 20 l of lysate mixed with luciferase assay buffer (Promega, Madison, WI) in a Victor3 1420 luminometer. Each experiment was done in triplicate and normalized for total protein concentration. Error bars graphed represent 95% confidence intervals. P values were calculated using the two-tailed student t test. Notch1 promoter reporter N1PR2-Luc (2-kb promoter) and Prless-Luc (promoterless reporter) were gifts from Tohru Kiyono (27, 28) .
Microarray data accession number. The data discussed in this article have been deposited in the NCBI Gene Expression Omnibus and are accessible under GEO series accession number GSE43082.
RESULTS
Microarray screening for genes coregulated by NFX1-123 and 16E6. While we have shown that NFX1-123 and 16E6 regulate hTERT expression (20, 21) , little is known regarding what other transcripts and downstream signaling pathways depend on NFX1-123 and 16E6. To identify novel cellular transcripts affected by NFX1-123 and 16E6, global gene expression changes were assessed using a microarray screen in three independently derived HFK cell lines transduced with a 16E6 retrovirus (Fig. 1A) . 16E6 expression was confirmed by p53 protein degradation (data not shown). Each of the three 16E6 HFK cell lines was then expanded and transduced with a second retrovirus containing either a FLAG-tagged NFX1-123 overexpression construct (FNFX1-123WT) or an isogenic scramble short hairpin RNA control construct (scramble) (Fig. 1A) . On average, FNFX1-123WT expression led to three-and-a-half times the mRNA of endogenous NFX1-123, placing its overexpression within the range of NFX1-123 mRNA and protein amounts detected in SiHa and HeLa cervical cancer cell lines (data not shown). The scramble control was chosen for the reference value in order to validate our microarray data using short hairpin RNA constructs to knock down NFX1-123 expression.
For the three independent 16E6 HFK cell lines, 398 genes were up-or downregulated 2-fold or more in two out of three cell lines overexpressing NFX1-123 (FNFX1-123WT) compared to isogenic scramble shRNA control, and an additional 51 genes were up-or downregulated across all three cell lines (Fig. 1B) . The 51 up-or downregulated genes are represented by hierarchical clustering in Fig. 1C , and the 25 genes increased 2-fold or more across all three 16E6 HFK cell lines are listed in Table 1 . Of particular interest was the gene Notch1, which was found to be significantly increased by microarray in all three overexpressing NFX1-123 HFK cell lines when 16E6 was coexpressed.
Whole-genome expression microarray analysis was also conducted in three independent non-16E6-expressing HFKs that were expanded and transduced with retrovirus containing either a FLAG-tagged NFX1-123 overexpression construct (FNFX1-123WT) or an isogenic scramble shRNA control construct (scramble) (Fig. 1D ). This second microarray study permitted a comparison of gene expression changes with or without 16E6 coexpression to then determine whether they depended on 16E6 or occurred regardless of it.
Interestingly, fewer genes were found to be increased or decreased by NFX1-123 overexpression in non-16E6-expressing HFKs. For the three independent HFK cell lines, 59 genes were upor downregulated 2-fold or more in two out of three FNFX1-123WT cell lines compared to isogenic scramble shRNA control, and an additional five genes were up-or downregulated across all three cell lines (Fig. 1E) . The three genes found to be upregulated 2-fold or more in FNFX1-123WT HFKs compared to the scramble control were the following (gene symbol, mean fold change): HSP90AA1, 3.0; SPRR3, 3.7; and LOR, 5.4.
16E6 and NFX1-123 increased Notch1 expression. Microarray analysis results for Notch1 were validated at the RNA and protein levels by qPCR and immunoblot assays. Analysis was done using additional HFK cell lines where NFX1-123 expression was modulated. The impact of 16E6 expression was also evaluated. Similar to the array-based whole-genome expression analysis ( Fig.  1A and D) , three independent 16E6-expressing HFKs and three independent non-16E6-expressing HFKs were expanded and transduced with FNFX1-123WT or scramble or with one of two shRNA constructs for NFX1-123 (sh1 or sh2). Background expression of either NFX1-123 or Notch1 in HFKs with either the LXSN vector control or the scramble shRNA isogenic control was found to be equivalent (data not shown). Across three 16E6 HFK cell lines, overexpression of FLAGtagged NFX1-123 led to a 2-fold increase in NFX1-123 mRNA, and sh1 or sh2 knocked down NFX1-123 mRNA to approximately half the endogenous level in control cells (scr) (Fig. 2A) . NFX1-123 protein levels paralleled the mRNA changes due to overexpression or knock down (Fig. 2B) . In three non-16E6 HFK cell lines, NFX1-123 mRNA expression increased by 15-fold on average using the overexpression FLAG-tagged construct, and NFX1-123 mRNA expression was knocked down by at least half using either sh1 or sh2 (Fig. 2C) . Again, NFX1-123 protein levels followed mRNA changes, although less dramatically (Fig. 2D) .
In 16E6 HFKs, Notch1 mRNA was increased up to 20-fold with NFX1-123 overexpression and was reduced at least 70% with knockdown of NFX1-123 by sh1 and sh2 (Fig. 3A) . Notch1 protein also increased with more NFX1-123 and decreased with knockdown of NFX1-123 (Fig. 3B) . In the absence of 16E6, Notch1 mRNA expression was moderately increased (2-fold) in HFKs with NFX1-123 overexpression and decreased by 40 to 80% when NFX1-123 was reduced by sh1 or sh2 (Fig. 3C) . Without 16E6 coexpression, Notch1 protein did not increase with overexpression of NFX1-123 as robustly as with 16E6 (Fig. 3D) . However, the endogenous protein expression of Notch1 in HFKs was decreased by at least two-thirds by knockdown of NFX1-123 in the absence of 16E6 coexpression (Fig. 3D) . These data link Notch1 mRNA and protein expression to changes in NFX1-123 expression and demonstrate that 16E6 synergized with NFX1-123 to increase Notch1 expression in HFKs.
Notch pathway components increased with NFX1-123 in 16E6 HFKs. As Notch1 mRNA and protein expression rose with increased expression of NFX1-123 in 16E6 HFKs, a TaqMan quantitative reverse transcription-PCR-based Notch pathway array was used to determine expression changes in Notch pathway components. Three independent 16E6 HFK cell lines were compared where either NFX1-123 was overexpressed (FNFX1-123WT) or an LXSN vector control was used. The array included 44 genes associated with Notch signaling, including Notch pathway ligands, receptors, and downstream effectors. Nineteen of these components were increased 2-fold or more in at least two of the three 16E6 HFK cell lines in which NFX1-123 was overexpressed (Table 2) , and no genes were found to be decreased 2-fold or more. Again, Notch1 itself was increased (7-fold), as were Notch2 (2-fold) and Notch3 (8-fold). Additionally, there were increases in RBPJ, a transcriptional regulator that plays a key role in Notch signaling; JAG1, a Notch ligand; and ADAM17, APH1B, PSEN1, and NCSTN, four proteases that activate Notch. Although increases in several negative regulators of Notch were also detected, we hypothesized that these were the result of the complex feedback loop involved in Notch signaling. Therefore, not only was Notch1 expression increased by NFX1-123 with 16E6 coexpression, but the Notch downstream signaling pathway also was activated and upregulated.
Notch reduction by NFX1-123 knockdown led to decreased Hes1 and Hes5. Since Notch1 and multiple factors in its pathway were increased with overexpression of NFX1-123 in 16E6 HFKs, knockdown of NFX1-123 likely would lead to decreased signaling within the Notch pathway. Hes family members are direct targets of Notch activation (38) ; thus, a reduction in Notch1 expression and activity likely would lead to a decrease in their expression and activity. Indeed, when NFX1-123 was reduced in three independent 16E6 HFK cell lines by 80% using sh2 and Notch1 was reduced nearly three-quarters in parallel, there was a 3-fold reduction in Hes1 mRNA (Fig. 4A ) and a 5-fold reduction in Hes5 mRNA (Fig. 4B) . Although there was no decrease in Hes1 or Hes5 mRNA by sh1 (Fig. 4A and B) , these samples had only a 30% decrease in Notch1 protein (Fig. 3B) . In HFKs without 16E6, where knockdown of NFX1-123 by both sh1 and sh2 led to decreased Notch1 expression (Fig. 3C and D) , Hes1 mRNA was reduced 4-fold by sh1 and nearly 8-fold by sh2, and Hes5 mRNA was reduced 11-fold by sh1 and 2-fold by sh2 (Fig. 4C and D) .
NFX1-123-mediated Notch1 gene upregulation. To clarify the role of increased NFX1-123 and 16E6 on Notch1 expression, luciferase assays were used to quantify changes in Notch1 promoter-driven expression. First, in HFKs a promoterless luciferase construct (Prless-luc) was shown to have no activity above that of buffer alone (data not shown). Second, a luciferase construct that included 2 kb of the Notch1 promoter and its entire 5= untranslated region (N1PR2-luc) (27) (28) (29) was transfected into HFKs. Compared to the Prless-luc construct, the N1PR2-luc construct expression level was three times higher than the background expression level (Fig. 5A) . This level of expression demonstrated that there was endogenous activation of the Notch1 promoter in HFKs, and it allowed for confirmation of adequate transfection efficiency with each experimental protocol. In HFKs transfected with FNFX1-123WT versus its empty vector control (vector), the Notch1 promoter-driven luciferase activity doubled with increased NFX1-123 expression (Fig. 5A) . Thus, overexpression of NFX1-123 increased the Notch1 promoter-driven expression compared to that of HFKs with endogenous levels of NFX1-123. In HFKs transfected with 16E6, there was no increase in the background luciferase activity driven by the 2-kb Notch1 promoter over vector alone (Fig. 5B) . However, when 16E6 and FNFX1-123WT were cotransfected, an 8-fold increase in activity was detected (Fig. 5B) . Therefore, 16E6 itself had no effect on Notch1 promoter-driven expression, but with increased NFX1-123, 16E6 augmented the increase in luciferase activity.
Because NFX1-123 required its PAM2 motif (20, 39) and its R3H domain (40) to increase 16E6-driven hTERT expression, FNFX1-123-WT was compared to FLAG-tagged NFX1-123 with the PAM2 motif deleted (⌬PAM2), the R3H domain deleted (⌬R3H), or a vector control. These mutant constructs and their expression have been previously published (20, 21) . The 2-fold increase in Notch1-driven luciferase expression with FNFX1-123WT versus vector was unaffected by deletion of the PAM2 motif but was significantly reduced with deletion of the R3H domain (Fig. 5C) .
The role of 16E6 coexpression on Notch1 promoter-driven luciferase activity with FNFX1-123WT, mutant, or vector control constructs was also compared. When 16E6 was cotransfected with FNFX1-123WT, there was a 6-fold increase in luciferase activity over the vector (Fig. 5D) . However, when 16E6 was cotransfected with either the ⌬PAM2 or the ⌬R3H construct, the increase in Notch1 promoter-driven expression seen with FNFX1-123WT was reduced by one-third (Fig. 5D) . Therefore, in HFKs, the basal luciferase activity from the N1PR2-luc construct was increased with more NFX1-123, this activity was augmented by 16E6 coexpression, and both the PAM2 and R3H protein motifs were important for full luciferase activity.
DISCUSSION
Our data reveal Notch1 as a second gene whose expression was regulated by NFX1-123 and 16E6 in HFKs. Similar to the upregulation of hTERT expression by NFX1-123 and 16E6 (20) , Notch1 levels increased with more NFX1-123 and decreased with less NFX1-123 in 16E6 HFKs (Fig. 3A and B) . Moreover, like the expression of hTERT, Notch1 promoter-driven luciferase expression depended on the PAM2 motif and R3H domains of NFX1- 123 to fully increase expression and to be augmented by 16E6 coexpression (Fig. 5D) .
However, the role of NFX1-123 in hTERT regulation does differ from that of Notch1. Both Notch1 and NFX1-123 are endogenously expressed in HFKs, while hTERT and 16E6 are not. We previously found that hTERT expression only occurred when 16E6 activated the hTERT promoter, and an increase in NFX1-123 expression itself had no effect (20) . With 16E6 expression, a decrease in NFX1-123 blocked the full activation of the hTERT promoter and telomerase activity by 16E6 (20) . We now report that regardless of 16E6 coexpression, a knockdown in NFX1-123 expression led to a reduction in endogenous Notch1 mRNA and protein levels ( Fig. 3C and D ). This effect on the level of Notch1 expression by NFX1-123 without requiring 16E6 (Fig. 5A and C) denotes that NFX1-123 is a regulator of Notch1. This gene regulation by NFX1-123 in turn is augmented by the coexpression of 16E6, but alone 16E6 had no effect (Fig. 5B) .
The NFX1 gene is conserved in yeast, Drosophila, Caenorhabditis elegans, Arabidopsis, mice, and humans (41) (42) (43) (44) (45) (46) (47) . Studies of NFX1 homologues demonstrate its importance in normal cell growth, function, and homeostasis across species, as mutations in the Drosophila melanogaster NFX1 homologue (shuttle craft) are embryonic lethal (42, 48) , and gain-of-function mutations in the Arabidopsis thaliana homologue (AtNFXL1) lead to improved growth during stress (41, 47, 49) . Our studies in HFKs support the importance of NFX1 in cell growth and longevity, as increases in the NFX1 isoform NFX1-123 improves expression of two important cellular genes, hTERT and Notch1. These two genes are each important in HPV-associated cancers, and their regulation by NFX1-123 is strongly dictated through 16E6.
NFX1-123 binds cytoplasmic poly(A) binding proteins and posttranscriptionally increases the expression of hTERT through RNA binding and stabilization (20, 21) . The 5= untranslated region (UTR) of hTERT is critical for this increase in hTERT expression by NFX1-123 with 16E6 (21) . Therefore, it is interesting to hypothesize that the 5=UTR sequence of Notch1 is also important for an increase in expression by NFX1-123 and 16E6. The Notch1 5=UTR sequence was included in the 2-kb Notch1 luciferase reporter construct used in our assays (26) . Therefore, when a transcript was produced from this construct, the 5=UTR of Notch1 was synthesized in frame with the luciferase coding sequence. If NFX1-123 posttranscriptionally upregulated the endogenous expression of Notch1 through its 5=UTR, an increase in luciferase activity would be detected. Indeed, background expression from the 2-kb Notch1 luciferase reporter construct was increased 2-fold by NFX1-123 overexpression (Fig. 5A ). This increase may have been due to posttranscriptional upregulation by NFX1-123 of the fused Notch1/luciferase RNA. Additionally, the R3H domain of NFX1-123 was required for increased expression, as were both the R3H domain and PAM2 motif for the increased expression with 16E6 ( Fig. 5C and D) . These data underscore that NFX1-123 increased baseline expression of Notch1 from the 2-kb Notch1 luciferase reporter plasmid, 16E6 synergized this increase, and the two motifs in NFX1-123 that were important in posttranscriptional regulation of hTERT with 16E6 were also important for Notch1 regulation. As 16E6 did not increase Notch1 luciferase expression by itself but augmented the increase with overexpressed NFX1-123, we hypothesize that 16E6 requires a greater amount of available NFX1-123 protein in the cell to affect a significant change in Notch1 expression. Increased NFX1-123 in 16E6 HFKs led to higher expression of Notch1 and also multiple components of the Notch pathway (Table 2). If Notch1 levels rose without changes to its cleavage or movement into the nucleus, there would be no changes to downstream target genes, cell growth, or differentiation due to NFX1-123 and 16E6. However, we found that numerous genes associated with Notch signaling were increased by NFX1-123 and 16E6, including Notch ligand; Notch1, Notch2, and Notch3 receptors; proteases involved in Notch receptor/ligand processing; and transcriptional coregulators that play a key role in Notch signaling (Table 2 ). This suggested that there would be changes in Notch1 downstream targets. Indeed, we found that Notch1 target genes Hes1 and Hes5 were decreased when Notch1 expression was decreased by knockdown of NFX1-123 (Fig. 4) . These novel findings indicate consistent activation of the Notch signaling pathway, with increases in downstream targets driven by increased NFX1-123 that was reduced in parallel when NFX1-123 and Notch1 were decreased. Interestingly, the Notch1 transcription protein partner MAML is bound and targeted for degradation by beta-HPV E6 types to inhibit Notch signaling (50) (51) (52) (53) ; however, alpha-HPV E6 scramble short hairpin RNA control (scr), sh1RNA to NFX1-123 (sh1), or sh2RNA to NFX1-123 (sh2). Relative levels of Hes1 mRNA were calculated using the ⌬⌬C T method, normalizing mRNA levels to GAPDH within each sample. Values shown were the mean fold change in each sample compared to the scr vector control. Error bars represent the standard deviations for each sample (n ϭ 3). (B) Hes5 mRNA levels in 16E6 HFKs transduced with either scr, sh1, or sh2. Relative levels of Hes5 mRNA were calculated using the ⌬⌬C T method, normalizing mRNA levels to GAPDH within each sample. Values shown were the mean fold change in each sample compared to the scr vector control. Error bars represent the standard deviations for each sample (n ϭ 3). (C) Hes1 mRNA levels in HFKs transduced with either scr, sh1, or sh2. Relative levels of Hes1 mRNA were calculated using the ⌬⌬C T method, normalizing mRNA levels to GAPDH within each sample. Values shown are the mean fold change in each sample compared to the scr vector control. Error bars represent the standard deviations for each sample (n ϭ 3). (D) Hes5 mRNA levels in HFKs transduced with either scr, sh1, or sh2. Relative levels of Hes5 mRNA were calculated using the ⌬⌬C T method, normalizing mRNA levels to GAPDH within each sample. Values shown are the mean fold change in each sample compared to the scr vector control. Error bars represent the standard deviations for each sample (n ϭ 3).
family members do not bind MAML (50, 51, 53) . Our data support these findings, as we found no changes in MAML expression due to NFX1-123 in 16E6 HFKs by the TaqMan Notch pathway array (data not shown).
Notch1 is a master regulator of cell growth and differentiation across many cell types, and perturbations in Notch signaling can confer either oncogenic or tumor suppressor effects on a cell, depending on its context (36) . The normal regulation of Notch1 expression in human keratinocytes has not been studied in great detail (26) ; however, our data identified NFX1-123 as a regulator of Notch1 expression. Several studies have looked at expression levels of Notch1 in cervical cancer development and disease with conflicting results, as modulation of Notch1 expression by HR HPV varies based on experimental timing and design and the chronologies of samples collected from patients. However, moderate increases in Notch1 appear to aid HPV-positive cell growth (34) , and our findings also support that 16E6 augments increased Notch1 expression driven by NFX1-123.
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